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Composite adsorbents consisting of a zeolite host matrix impregnated with a hygro-
scopic salt are a promising material class for thermochemical energy storage (TCES).
They combine the high heat storage density of the salt with the easy technical manage-
ability of the zeolite, which prevents the leakage of salt solution and inhibits volume
changes upon ad- and desorption. The dynamic sorption behaviour of such composites,
however, is different from the pure host matrix material. Particularly, the adsorption
kinetics are slower, which leads to issues such as low and non-steady thermal output
power, incomplete adsorption and long adsorption phases of TCES devices using these
composite materials. Numerical modelling has proven to be a valuable tool to identify
the causes for such performance limitations. Therefore, it facilitates the development
of TCES devices: it allows to easily find optimum designs and operating procedures
before actual prototypes have to be built.
In this thesis a numerical model of a packed adsorbent bed in an open sorption
chamber has been developed, implemented in the open-source finite element software
OpenGeoSys and validated with experimental data. The modelling results show
that established sorption kinetics models capture the dynamic sorption behaviour of
salt/zeolite composites under application-relevant operating conditions. Moreover,
they show that the main cause for the differences between the composites’ and pure
zeolite’s sorption behaviour lies in their different sorption equilibria. A second focus
of the thesis is to investigate the use of limited experimental data for the calibration
of the numerical models. This possibility has been confirmed by dynamic sorption
simulations of the composite materials. Furthermore, criteria were determined that
allow the reconstruction of a robust adsorption equilibrium description from a reduced
experimental data set. Finally, in the context of the Dubinin-Polanyi theory of
adsorption in micropores, it has been found that the choice of a specific adsorbate
density model has only a small influence on performance predictions of adsorbents for
TCES.
In summary, the results from this thesis will facilitate the screening of materials,
reactor geometries and operating conditions via numerical simulations during the design
of TCES devices based on zeolites and composite sorbents.
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Zusammenfassung
Komposit-Adsorbentien, die aus einer mit hygroskopischem Salz imprägnierten Zeolith-
matrix bestehen, bilden eine vielversprechende Materialklasse für die thermochemische
Energiespeicherung (TCES). Sie vereinen die hohe Wärmespeicherdichte des Salzes und
die einfache technische Handhabbarkeit des Zeoliths. Dabei verhindert die poröse Matrix
das Auslaufen von Salzlösung und kompensiert Volumenänderungen während der Ad-
und Desorption. Das dynamische Sorptionsverhalten solcher Komposite unterscheidet
sich jedoch von dem reiner Zeolithe. Speziell die Adsorptionskinetik ist langsamer,
was zu Problemen wie einer geringeren und nicht konstanten thermischen Leistung
sowie unvollständiger Adsorption und langen Adsorptionspasen von Energiespeichern
auf Basis dieser Materialien führt. Numerische Modellierung hat sich als wichtiges
Werkzeug erwiesen, um die Ursachen solcher Leistungseinschränkungen zu identifizie-
ren. Dadurch erleichtert es die Entwicklung von thermochemischen Energiespeichern:
Optimale Designs und Arbeitsbedingungen können per Simulation gefunden werden
bevor Prototypen gebaut werden müssen.
In dieser Arbeit wurde ein numerisches Modell einer Adsorbensschüttung in einer
offenen Sorptionskammer entwickelt, in die Open-Sourve Finite-Elemente-Software
OpenGeoSys implementiert und mittels experimenteller Daten validiert. Die Model-
lierungserebnisse zeigen, dass etablierte Sorptionskinetiken das dynamische Adsorp-
tionsverhalten von Salz/Zeolith-Kompositen unter anwendungsrelevanten Arbeitsbe-
dingungen erfassen. Außerdem zeigen sie, dass der Hauptgrund für die Unterschiede
zwischen dem Sorptionsverhalten der Komposite und reiner Zeolithe in ihren qualitativ
unterschiedlichen Sorptionsgleichgewichten liegt. Ein zweiter Fokus dieser Arbeit liegt
darauf zu untersuchen, ob ein begrenzter Umfang an experimentellen Daten genügt, um
die entwickelten numerischen Modelle zu kalibrieren. Diese Möglichkeit wurde durch
Simulationen von dynamischen Adsorptionsvorgängen an Komposit-Adsorbentien be-
stätigt. Zudem wurden Kriterien entwickelt, die die Rekonstruktion eines robusten
Adsorptionsgleichgewichtsmodells aus einem beschränkten expermientellen Datensatz
erlauben. Schließlich wurde im Kontext der Dubinin-Polanyi-Theorie der Adsorption
in Mikroporen festgestellt, das die Wahl eines bestimmten Adsorbatdichtemodells nur
einen kleinen Einfluss auf Vorhersagen der Leistungsfähigkeit von Adsorbentien für die
TCES hat.
Die Ergebnisse dieser Arbeit bilden eine fundierte Grundlage für die zukünftige
numerische Untersuchung von Materialien, Reaktorgeometrien und Arbeitsbedingungen
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Used symbols and abbreviations
The symbols and indices differ slightly between individual publications. The symbol
list presented here applies to Chapter 2. The chapters summarizing the individual
publications use the symbols from the respective publications. When in doubt about a
symbol or index occuring in Chapters 3 to 6, please refer to the nomenclature in the
respective publication.
Bold face roman symbols denote vectors (e. g., v) and boldface sans-serif symbols
denote tensors (e. g., D). Normal face symbols represent scalar quantities.
Abbreviations
TCES Thermochemical energy storage
Greek Symbols
αT Volumetric thermal expansion coefficient K−1
ϕ Volume fraction –
λ Thermal conductivity tensor W m−1 K−1
µ Dynamic viscosity Pa s
ϱ̂ Mass density production kg m−3 s−1









TD Deviatoric part of the second-order tensor T : TD := T − 13 tr(T )I
symT Symmetric part of the second-order tensor T : symT := 12(T + TT)
USED SYMBOLS AND ABBREVIATIONS xi
Roman Symbols
Am Specific adsorption potential J kg−1
C Adsorbent loading = madsorbate/madsorbent kg kg−1
cp Specific isobaric heat capacity J kg−1 K−1
d Rate of deformation tensor s−1
D Diffusivity tensor m2 s−1
∆hads Differential heat of adsorption J kg−1
∆hV Heat of evaporation J kg−1
k Intrinsic permeability m2
M Molar mass kg mol−1
m Mass kg
p Pressure Pa
psat Saturation/equilibrium vapour pressure Pa
R Universal gas constant ≈ 8.314 J mol−1 K−1
T Temperature K
t Time s
vDarcy Darcy/seepage/superficial/empty tower velocity m s−1
W Specific adsorbed volume m3 kg−1
xmV Vapour mass fraction: Vapour mass per mass of moist air kg kg−1

1. Introduction
Mitigating climate change, most prominently “[h]olding the increase in the global
average temperature to well below 2 ◦C above pre-industrial levels” as declared in the
Paris Agreement [1], has become an important part in the official policies of many
countries and manifests itself in the ongoing transition of the energy supply system
away from fossil fuels towards using renewable sources of energy. Half of the final
energy consumption of the EU is used for heating and cooling purposes [2], thereof
52 % are used for space heating. This share is even bigger for the residential sector,
where it accounts for 78 % of the total heating/cooling energy demand. In total, over
two thirds of the energy used for heating/cooling in the EU is provided by fossil energy
carriers. This exemplifies the importance of the heating sector and the huge potential
a “heat transition” has as part of the general “energy transition”.
Space heating and hot water can be provided sustainably by solar thermal energy.
However, a production-consumption gap arises since most heat is produced in summer
whereas the heating requirements are highest in winter. A viable means to bridge that
gap is the use of seasonal thermal energy storage systems that store the excess heat
from summer for use in winter and which have proven to significantly raise the solar
fraction [3], i. e., the fraction of the heating demand that can be provided by (possibly
stored) solar energy.
There are three different ways to store thermal energy: as sensible heat using
the heat capacity of a storage material, which undergoes a temperature change, via
the latent heat of a phase change of the storage material, or thermochemically via
the reaction enthalpy of a reversible chemical reaction or adsorption or absorption
process. The main characteristics of the third option are the high energy storage
densities, which exceed those of the first two options—factors of ten compared to the
heat storage density of sensible heat storage devices and five compared to latent heat
storage devices are possible—, and the relative ease of separating the reactands, which
prevents unwanted discharging of the storage and makes excessive thermal insulation
unnecessary. Therefore, thermochemical energy storage (TCES) is a promising option
for the seasonal storage of heat [3, 4].
A widely studied class of TCES materials are zeolites, which usually form a working
pair together with water. They provide high energy storage densities, fast kinetics,
are non-corrosive and non-toxic, which allows for easy domestic use and simplifies
waste management. Moreover their volume change upon the ad-/desorption of water is
negligible, avoiding mechanical failure of the material and clogging of flow paths and
therefore promoting a good cycling stability [5–9]. Using the working pair water/zeolite
to store thermal energy is not a new idea, but already dates back to the late 1970s [10].
However, as a literature survey reveals (Fig. 1.1), the interest in sorption heat storage
2 INTRODUCTION




















Figure 1.1. Publications on the topic “sorption heat/energy storage” since 1991. Data from
https://webofknowledge.com obtained on 13th June 2018.
has increased much in the last years. One line of research in that context, starting in the
mid-90s [11], is the study of composite sorbents, where an inorganic salt is impregnated
into the pores of a host matrix material. In particular salt/silica systems have been
studied extensively. Using zeolites as the host matrix is a rather new development
starting with Hongois et al.’s characterization of an MgSO4/zeolite Na-X composite [12].
The development of composite sorbents aims at combining the high energy density
provided by the salt—theoretically more than 700 kWh m−3 are possible—with the
simple technical manageability of the host matrix material.
Numerous modelling studies of thermochemical energy storage and transformation
devices have been performed [13]. They show that numerical modelling is a valuable
tool to determine performance-limiting factors of such devices, e. g., due to heat or
mass transfer resistances [14–16], to improve operating conditions, like switching times
for charging/discharging cycles [17, 18], to assess the efficiency of those systems [19],
the effect of the geometry of the devices [15] and of details such as the heat exchanger
fins [20] or the channels of honeycomb adsorbers [21]. Attempting such parameter
studies experimentally would imply excessive experimental work, in particular when it
comes to material or geometrical modifications.
Much modelling work of heat storage and transformation devices employing composite
sorbents has focused on salt/silica systems [13]. Concerning salt/zeolite composites,
publications on closed adsorbers for adsorption cooling can be found employing both
lumped parameter [22, 23] and spatially resolved models [24, 25]. Furthermore a
simplified model of an open adsorber for dehumidification has been developed by Zhang
et al. [26]. The overall aim of this thesis is to develop a validated spatially resolved
numerical model of the dynamic sorption behaviour of a packed bed of salt/zeolite
composite pellets in an open sorption chamber, which comprises the following sub
targets:
To check the impact of constitutive relations, such as adsorbate density models,
INTRODUCTION 3
characteristic curve formulations and different approaches for the modelling of the
fluid flow through a packed bed on performance predictions of sorption heat storage
devices.
To check the quality of predicting both the temperature inside a sorption cham-
ber, the heat storage density and the water loading lift during adsorption—i. e.,
those quantities most important for both heat storage applications and material
characterization for that purpose.
To test the robustness of the model in the presence of limited experimental data,
and thus to evaluate whether it is possible to reduce the experimental effort.
To analyse whether experimental operating conditions have an influence on the
validity of the model predictions.
To check if established sorption equilibrium and kinetics models can be used for or
extended to the new material class of salt/zeolite composites.
To provide well-tested and documented numerical open-source software tools imple-
menting the developed process models and constitutive relations and allowing for
automated simulation workflows.
The thesis is structured as follows: In Chapter 2 some principal features of TCES,
the Dubinin-Polanyi theory and the multiphysical model of the packed adsorbent
bed are briefly outlined. In the main part, consisting of Chapters 3 to 6, the peer-
reviewed publications constituting this thesis are summarized. Chapter 3 deals with
the assessment of adsorbate density models and with the question whether some
density model is more suitable for TCES simulations than others. Building on the
results of that chapter, in Chapter 4 two publications are summarized. In these
two publications it is evaluated if water loading lifts and heat storage densities of
dynamic adsorption experiments are correctly predicted using the Dubinin-Polanyi
theory. Chapter 5 presents a publication prepared under my co-supervision during the
internship of a guest researcher at the Helmholtz Centre for Environmental Research.
In that publication the effect of sparse calibration data on modelled sorption equilibria
and predicted heat storage performance indicators is assessed and criteria allowing to
reduce the amount of calibration data are identified. In Chapter 6 a study modelling a
packed bed of salt/zeolite composite pellets is presented. This study encompasses the
development of a numerical model of the open sorption chamber, its calibration—in
particular the sorption equilibria and kinetics—with a reduced amount of experimental
data and the prediction of the dynamic sorption behaviour of the composite for a
variety of salt loadings and humidity conditions. Finally, a general summary is given
and possible subsequent future directions of research are outlined.
Aside from publications and conference contributions, the results from this work
have been presented in the workshop “Poröse Materialien für sorptive Wärmespeicher
und Kältemaschinen” (porous materials for sorptive heat storage and cooling devices)
and constitute the foundations of the tutorial book “Models of Thermochemical Heat
Storage”.
2. Foundations
2.1. Thermochemical energy storage
There are basically three kinds of thermal energy storage, Fig. 2.1. The technologically
most mature one is sensible heat storage, which uses the heat capacity of a storage
material that undergoes a temperature change. Sensible heat stores are used, e. g.,
as short-term buffer tanks for domestic hot water supply and heating, or on larger
scales as seasonal heat storage for central solar heating plants [27] in the form of hot
water thermal energy storage, gravel-water thermal energy storage, aquifer thermal
energy storage or borehole thermal energy storage. Latent heat stores use the latent
heat of a phase change, usually liquid/solid, of the storage material. They therefore
operate in a narrow temperature range, which makes them an interesting option, e. g.,
for smoothing temperature variations in building applications [28]. The third kind,
thermochemical energy storage, uses the reaction enthalpy ∆H of a reversible reaction
A + n B ⇌ C; ∆H (2.1)
where in the direction from left to right (discharging) the enthalpy ∆H is released
and in the opposite direction (charging) it has to be supplied. Reactions used include,
among others, hydration of metal oxides, e. g., (A, B, C) = (CaO, H2O, Ca(OH)2) [29]
or the hydrogenation of metals, cf. [30]. Moreover, adsorption (e. g., water onto zeolite)
and absorption (e. g., hydration of CaCl2) based systems are counted towards TCES,
although these processes are no chemical reactions in the narrower sense. Advantages
of TCES are that it provides a higher heat storage density than sensible and latent
heat storage (Fig. 2.2) and that both partners A and B of the working pair can be
stored separately. The second feature allows the TCES device to retain its charging
state for an arbitrarily long time, as opposed to sensible and latent heat storage devices,
which suffer from thermal losses over time. Therefore, TCES devices are suitable for
seasonal thermal energy storage. However, the underlying reaction mechanisms are
not restricted to be used in heat storage applications, but can also be applied for heat
upgrade and cooling [31–35].
TCES systems can be divided into open and closed systems, Fig. 2.3. Closed systems
are isolated from the environment, which allows for the use of a wide range of reactands,
even toxic ones, and avoids unwanted side reactions. These systems often are operated
at reduced pressures with a fluid atmosphere consisting only of the reactive fluid.
Therefore, they have to be built out of components that can maintain a low pressure
regime. Open systems exchange both energy and matter with the environment, which
restricts the possible working pairs. Advantages of open systems include that they
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Figure 2.3. Schemes of an open (top) and closed (bottom) sorption heat storage system
using water as adsorbate.
are operated at ambient pressure. Furthermore, open systems don’t need evaporator,
condenser and storage for the reactive fluid, which increases the overall system energy
density.
In Fig. 2.3 the two storage system concepts are depicted schematically for a simple
TCES device based on adsorption of water. In a closed system (Fig. 2.3 bottom) during
adsorption (energetic discharging) water evaporates in the evaporator, is transported
to the sorption chamber—by the pressure drop between the two—, where it adsorbs.
The high-temperature heat released during adsorption is conducted away by a heat
exchanger integrated with the sorption chamber, which makes the heat accessible for
applications. During desorption (energetic charging), the heat exchanger provides the
high temperature heat that drives the endothermic desorption process. The desorbed
vapour is transported to the condenser, where the latent heat of condensation is released
upon the phase change from vapour to liquid water. In an open system (Fig. 2.3 top),
the air flow acts as both the supply of the reactive fluid as well as the heat transfer
fluid. During adsorption, moist inlet air flows through the sorption chamber, where the
vapour carried with the air stream is adsorbed, such that the air stream heats up. The
extracted heat is made available to applications by a heat exchanger. During desorption,
the heat exchanger heats up the inlet air, which enters the sorption chamber, where
it drives the desorption process. On its way through the chamber therefore the air
progressively cools down and becomes more humid. The exhaust air, finally is released
to the environment.
Some comparative studies of both concepts for energy storage have been done:
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Figure 2.4.
Zeolite X (faujasite) structure consisting of Si atoms (red) and
Al atoms (blue) connected via shared oxygen atoms (straight
lines). The central pore (window) has a diameter of 7.4 Å,
its inner diameter is 12 Å. Adapted from https://commons.
wikimedia.org/wiki/File:Faujasite_structure.svg (re-
trieved 29th July 2018).
Abedin and Rosen [36] found that the investigated open system had higher energy
and exergy efficiencies than the closed one, but their results depend on material and
operating conditions, such that a general conclusion which system performs better
could not be drawn. Michel et al. [37] found that both open and closed systems lead
to close global performances. Which system performed better was dependent on the
reactor energy density. Overall they recommend the open system due to its technical
advantages, such as easier conception and lower cost.
2.2. Zeolites and salt/zeolite composites
Zeolites are porous, crystalline aluminosilicates. They occur naturally, but are also
produced industrially. They consist of SiO4 and AlO4 tetrahedrons which are connected
via their shared oxygen atoms. Each AlO4 tetrahedron introduces a negative charge
into this framework, which is balanced by structural ions, such as Na+, Li+, K+ or
Ca2+. The zeolite framework (Fig. 2.4) exhibits a regular pore network of micropores
(pore diameter < 2 nm, e. g., 7.4 Å for zeolite Na-X). Molecules such as water can be
adsorbed in these pores, upon which heat is released. From this feature the use of
zeolites in thermal energy storage emerges. For technical applications zeolite crystals
are processed further to pellets or monoliths [38] or to heat exchanger coatings [15].
This usually involves some inert binders, but pellets can also be produced by techniques
that convert the binder, which does not adsorb, into zeolite during the manufacturing
process thereby increasing the sorption capacity of the material [5]. In addition to
the zeolite micropores, pellets and monoliths have a secondary pore structure of meso-
and macropores (pore diameter between 2 nm and 50 nm or above 50 nm, respectively),
which does not actively contribute to the adsorption capacity and heat storage density
of the material, but merely facilitates the transport of the adsorptive to the adsorption
sites.
The hydration of hygroscopic salts provides a high heat storage density, e. g.,
732 kWh m−3 for the reaction CaBr2 · 6 H2O ⇌ CaBr2 · 0.3 H2O + 5.7 H2O [39], which
largely exceeds that of zeolites (cf. also Fig. 2.2). However, the use of salt in heat
storage applications is hampered by difficulties, such as the large volume change upon
(de-)hydration, agglomeration, leakage of salt solution, or slow reaction rates. [40] A
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desorbed state adsorption above deliquescence humidity
water salt cation salt anion
pellet's secondary pore system
zeolite host matrix
salt solution
Figure 2.5. Schematic view of water adsorption onto salt/zeolite composites. Left: desorbed
state with salt included in the micropores of the zeolites and residual adsorbed water. Right:
adsorbed state above the deliquescence humidity of the salt, where a salt solution forms in the
pellet’s secondary pore system, cf. [41].
way to overcome those is impregnate the salts into a porous host matrix, such as zeolite
pellets. The porous structure of the pellets ensures a large exchange surface for the
salt therefore enhancing the reaction rate. Moreover, since the salt hydrates and the
possibly emerging salt solution are trapped in the pellets’ secondary pores, volume
change of the composite material and leakage are prevented, Fig. 2.5. Using this
technique a heat storage density of 167 kWh m−3 could be obtained for zeolite Na-X
impregnated with MgSO4 [12], which corresponds to an increase of 27 % compared to
the theoretical storage density of the pure zeolite. For a CaCl2/zeolite Ca-X composite
a storage density of up to 270 kWh m−3 was determined experimentally by Nonnen [41],
amounting to an improvement of 53 % over the pure zeolite Ca-X. Another possibility
offered by the development of composite adsorbents is the tailoring of the sorption
equilibrium to the operating conditions of the target application [42].
2.3. Dubinin-Polanyi theory
In order to quantify the heat storage density of sorption heat storage devices using
numerical simulations, it is necessary to know the sorption equilibrium of the sorbent
in a wide vapour partial pressure and temperature range, and the heat of adsorption,
which can be derived from the sorption equilibrium. Modelling studies undertaken
in the area of thermochemical energy storage and transformation use a wealth of
adsorption equilibrium models, e. g., the multilayer Langmuir isotherm [16, 43–46], the
Langmuir-Freundlich isotherm [47] or the modified Antoine equation [48, 49]. The
class of widely used models, cf. [50–54], used in this thesis is based on the Dubinin-
Polanyi theory of micropore filling. This theory is outstanding in the sense that “[n]o
other adsorption model allows the extrapolation of one measured isotherm to other
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Figure 2.6. Equilibrium data of water adsorption onto zeolite Na-X, mapped to W -Am space.
Characteristic curve fitted with Eq. (2.5).
[sic] with different temperatures” [52]. Originally, the theory of micropore filling has
been developed for activated carbons [55], but it also correctly models the adsorption
equilibria of zeolites, silica gel [56] and even composite adsorbents [57]. Moreover,
it can be used to describe adsorption equilibria of many different adsorbates, e. g.,
water, nitrogren, noble gases, carbon dioxide [56], ammonia [18] and methanol [58].
For brevity, this section refers to water as adsorbate, but the concepts and equation
shown are valid for other adsorbates, too.
The Dubinin-Polanyi theory describes the bivariate adsorption equilibrium, i. e., the
surface in pV-T -C space implicitly given by
F (pV, T, C) = 0 , (2.2)
via the product of the adsorbate density ϱads and the specific adsorbed volume W :
C = ϱads(T ) · W (Am) (2.3)







The function W (Am) is called characteristic curve and has to be temperature invariant
if Dubinin-Polanyi theory shall be applied. I. e., after mapping experimental sorption
equilibrium data from pV-T -C to W -Am space using Eqs. (2.3) and (2.4), the resulting
points (Am, W ) have to lie on a single curve. As already mentioned, this temperature
invariance principle is fulfilled for a wealth of adsorption working pairs and it is
visualized for the example of water adsorption onto zeolite Na-X in Fig. 2.6.
By fitting the relation W (Am) with a suitable equation, the sorption equilibrium
description for arbitrary temperatures and pressures can be established. Several physic-
ally motivated characteristic curve equations exist, such as the Dubinin-Radushkevich
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Figure 2.7. Differential heat of adsorption ∆hads according to Eq. (2.7) for zeolite Na-X at
T = 40 ◦C, cf. Fig. 2.6. Additionally, the heat of evaporation contribution is highlighted.
and the Dubinin-Astakhov equations, which work well for numerous data of activated
carbon [55]. In this thesis, sorption equilibria are usually correlated with an empirical
fit equation proposed by Núñez [59] due to its ability to accurately fit the characteristic
curve of the investigated adsorbents (cf. Fig. 2.6):
W (Am) =
a0 + a2 Am + a4 A2m + a6 A3m
1 + a1 Am + a3 A2m + a5 A3m
. (2.5)
In [60] (Chapter 5, Page 25ff.), additionally the consequences of employing the Dubinin-
Astakhov equation
W (Am) = W0 · exp [−(Am/E)n] , (2.6)
which has been used in several studies [51, 61–63] of the water/zeolite adsorption pair,
are assessed.
The Clausius-Clapeyron equation can be used to compute the differential heat of
adsorption ∆hads from the adsorption equilibria. In terms of the variables Am and W
it takes the form [64]:
∆hads = ∆hV + Am − T∆s , (2.7)
which is a sum of the heat of evaporation hV, the adsorption potential and an entropic
term that depends on the thermal expansion coefficient of the adsorbate αT, ads [64]:












For the case of water adsorbed onto zeolite Na-X the differential heat of adsorption
computed via Eq. (2.7) is shown in Fig. 2.7.
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That closes this short outline of the Dubinin-Polanyi theory. What has not been
discussed so far ist the adsorbate density ϱads(T ), which is not necessarily the same as
that of the free liquid. Its experimental determination is complicated, which is why
several models for it have been proposed in the literature. One of the objectives of
this thesis is to assess the impact of the choice of the adsorbate density model on the
results of numerical simulations of TCES devices. For further details, the reader is
referred to the discussion of publication [65] in Chapter 3 (Page 14ff.).
2.4. Multiphysical model of a fixed adsorbent bed
In this section a model for the thermal, hydraulic and chemical processes inside a
fixed adsorbent bed consisting of zeolite pellets, which is located in an open sorption
chamber, will be presented. The physical setting along with some typical assumptions
can be summarized as follows, cf. [13]:
There are a solid and a gas phase present in the sorption chamber, which are
assumed to be in local thermal equilibrium, i. e., the inter-phase heat exchange is
taken to be instantaneous.
The gas phase consists of the carrier gas (air) and the adsorptive (water vapour).
There is inter-phase mass exchange due to the ad-/desorption process.
Heat is transported both by conduction and by advection via the flowing gas stream.
The gas flow is taken to be compressible.
Solid volume changes during ad- and desorption can be neglected.
Furthermore, the bed is treated in a homogenized form with ϕS and ϕG distinguishing
between the solid and gas volume fractions of the bed1. Except for single grains,
approaches resolving individual pellets of a packed adsorbent bed explicitly are rare
in the literature [66] and of limited use when designing engineered systems whose
operation is best described on a macroscopic level.
From the points above it follows that the physics inside the adsorbent bed is captured
by the balance laws for the gas mass, the vapour mass, the solid mass, the overall
energy and the gas momentum. Since for the non-moving and non-deforming solid the
solid mass evolution follows directly from the sorption rate, the solid mass is treated
as internal variable, leaving the total pressure p, the vapour mass fraction xmV, the
temperature T , and the superficial gas velocity vDarcy as unknowns in the following
partial differential equation system:2
1The former includes the whole pellets, i. e., also the pores inside the pellets.

























− div(ϱGRD grad xmV) − ϱGR grad xmV · vDarcy − (1 − xmV)ϱ̂S
(2.11)
Overall energy balance
[ϕGρGRcpG + (1 − ϕG)ρSRcpS]
∂T
∂t




















µeff sym(vDarcy ⊗ grad ϕG)D/ϕG
)︁
− ϕG(f1 + f2|vDarcy|)vDarcy
(2.13)
In the equations above the ideal gas law for the fluid phase has already been employed.
Neglecting viscous effects inside the gas flow, the extended Brinkman equation Eq. (2.13)
reduces to Ergun’s law involving only the grad p, f1 and f2 terms. If one furthermore
sets the Forchheimer factor f2 to zero, one obtains Darcy’s law




which allows for the computation of the superficial velocity directly from the pressure
field, and therefore for treating the velocity vDarcy as an internal variable. The full gas
momentum balance Eq. (2.13) has been used in Chapter 6 (Page 30ff.) in order to be
able to model the effects of bed porosity variations in the radial direction. Simulations
in the earlier publications employed Eq. (2.14).
The governing equations Eqs. (2.10) to (2.13) have been discretized via the finite
element method and implemented into the scientific open-source software package
OpenGeoSys [69]. The solid mass production ϱ̂S is given by the ad-/desorption rate,
which depends on the current adsorbent loading and the temperature and humidity
conditions at the specific location in the bed. The sorption kinetics model used in this
thesis is described in more detail in Chapter 4 on Page 21.
2.5. Experimental data
The modelling work undertaken in this thesis relies on experimental data of the adsorp-
tion equilibria and of the dynamic adsorption behaviour of the studied zeolites. Water
adsorption isotherms of binder-free granulated zeolite Na-X pellets (Köstrolith® 13XBFK
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by Chemiewerk Bad Köstritz Gmbh, Germany) were measured in a sorption analyser
IGA-002 (manufacturer Hiden Isochema Ltd., UK) and have been provided by Dr.-
Ing. H. Kerskes, Universität Stuttgart, Germany, cf. also [51]. The zeolite Ca-X has been
prepared from the mentioned zeolite Na-X by ion-exchange, and the CaCl2/zeolite Ca-X
composites by subsequent impregnation with CaCl2. [70] Water adsorption isotherms
of zeolite Ca-X were measured in a sorption analyser BELSORP-max from Bel Japan
Inc. and provided by Dr. J. Möllmer, Institut für Nichtklassische Chemie e. V., Ger-
many. Water adsorption isotherms of a CaCl2/zeolite Ca-X sample were provided by
Dr.-Ing. H. Kerskes, too, and measured with the equipment mentioned above.
The dynamic sorption experiments modelled in [71, 72] (Chapter 4 on Page 19ff.)
and in Chapter 6 (Page 30ff.) have been performed in an insulated double-walled glass
chamber containing approximately 7 cm3 of zeolite pellets [70]. The measurement data
was provided by Dr. T. Nonnen, formerly Institute of Chemical Technology, Universität
Leipzig, Germany.
3. Assessment of adsorbate density
models for numerical simulations of
zeolite-based heat storage applications
The content of this chapter is included in:
Lehmann, C., S. Beckert, R. Gläser, O. Kolditz and T. Nagel (2017).
“Assessment of Adsorbate Density Models for Numerical Simulations of
Zeolite-Based Heat Storage Applications”. In: Applied Energy 185, pp.
1965–1970. issn: 03062619. doi: 10.1016/j.apenergy.2015.10.126.
The adsorption equilibria of many microporous adsorbents can be modelled using the
Dubinin-Polanyi theory, cf. Section 2.3 (Page 8ff.). This theory uses the temperature-
dependent density of the adsorbate ϱAds(T ) as one of its central building blocks.
However, the adsorbate density is not necessarily the same as that of the free liquid.
Especially for higher temperatures the effects of the adsorption forces on the adsorbate
have to be taken into account [9]. Furthermore, since microporous adsorbents exhibit
capillary condensation for high humidities, the determination of ϱAds(T ) is complicated.
Therefore, the functional relation ϱAds(T ) is unknown in general, and several models
for it have been proposed in the literature.
The objective of this study is to compile different density models, to assess the impact
of the choice of an adsorbate density model on the predicted heat storage densities
during numerical simulations, and to determine if there is a density model that is most
suitable for being used in simulations of sorption heat storage devices.
The density models proposed so far include some that use the density of the free
liquid over the entire temperature range [59] or only up to the boiling point [73,
74]. Above the boiling point Cook and Basmadjian [73] extrapolate the adsorbate
density using the thermal expansion coefficient of water at the boiling point and
Nikolaev and Dubinin [74] interpolate linearly between the density of water at the
boiling point and at the critical point. Those are accompanied by density models that
compute the adsorbate density for different temperatures from the density and the
thermal expansion coefficient at a single reference temperature [9, 75]. Furthermore,
we added a density model that assumes the adsorbate to be exposed to a pressure of
100 MPa, which is the value of pressure in the micropores of zeolite Na-A estimated
by Seliverstova et al. [76] due to the action of the adsorption field. Finally we also
included a constant-density model (with the density of Hauer’s model at 150 ◦C) into
this survey, since constant adsorbate densities have been assumed implicitly in several
studies [50, 77–79] and represent the most simple choice with the least amount of
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Table 3.1. Adsorbate density models used in the literature.
Reference Adsorbate density





free liquid T ≤ T0
ϱAds(T0) − ϱAds(T0)−M/bTc−T0 (T − T0) T > T0





free liquid T ≤ T0
ϱAds(T0)[1 − αT, Ads(T0)(T − T0)] T > T0




1 + αT, Ads(T0)[T − T0]
with T0 = 293.15 K (room temperature)
Hauer [9]
ϱAds(T ) = ϱAds(T0)[1 − 3.781 · 10−4(T − T0)] (3.1)
with T0 = 283.15 K.
parameters. The different formulations are subsumed in Table 3.1 and the temperature
dependence of the adsorbate density and the adsorbate thermal expansion coefficient is
visualized in Fig. 3.1.
The modelled equilibria will be affected only marginally by the choice of the adsorbate
density model, because first the experimental data (C, p, T ) will be mapped to W -Am
space using that model, then fitted, and finally during the simulation the characteristic
curve W (Am) will be mapped back to loadings C using the same adsorbate density
model. However, the heat of adsorption ∆h computed from the adsorption equilibrium
more strongly depends on the chosen adsorbate density model: Since the thermal
expansion coefficient varies strongly among different density models (cf. Fig. 3.1),
especially for high temperatures, it has a significant impact on the computed heats
of adsorption, cf. Eqs. (2.7) to (2.9) on Page 10, and thus on the results of numerical
simulations of sorption heat storage devices.
Fit results confirm that different adsorbate density models don’t have a strong
effect on the accuracy of the fit and on the isotherms computed from the fitted model,
16 ASSESSMENT OF ADSORBATE DENSITY MODELS















































Figure 3.1. Comparison of the different density models. Left: adsorbate density ϱAds.
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Figure 3.2. Left: Characteristic curves of water adsorption onto zeolite 13XBFK for a
selection of density models together with experimental data. The solid lines represent fits
via a rational polynomial, Eq. (2.5). Right: Isotherms reconstructed from all density models
(coloured curves) together with experimental data (black, data pairs connected by straight
lines).
cf. Fig. 3.2. However, data pairs (Am, W ) scatter slightly more for density models
with higher thermal expansivity, i. e., those with lower values of αT, Ads perform slightly
better in generating a temperature-independent characteristic curve, based on the
considered data set.
The preference of density models with low thermal expansivity is supported further
by the adsorption enthalpies computed from the adsorption equilibria, cf. Fig. 3.3. E. g.,
in Núñez’s model with a high thermal expansivity the entropic part has a pronounced
influence on the adsorption enthalpy, especially at higher temperatures, which leads to
unrealistic shapes of the adsorption enthalpy curves at those temperatures—calorimetric
measurement data of water adsorption onto zeolite available in the literature show a
monotonically decreasing trend of adsorption enthalpy with increased loading [80–83].
For larger values of αT, Ads the sensitivity of ∆h towards uncertainties—be it due
to modelling choices or measurement uncertainties—is increased due to the factor
∂W/∂Am|T , cf. Eq. (2.8), which involves derivatives of (measured) data. Decreasing
this sensitivity also favours density models with lower thermal expansivity. Finally,
Seliverstova et al. [76] found that the density of water adsorbed onto zeolite Na-A
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Figure 3.3. Adsorption enthalpies derived from two of the listed density models (upper plots,
coloured lines). Left: Mugele [75]. Right: Núñez [59]. The gray enthalpy curves are derived
from the other density models at the given temperatures in the range 31 ◦C, . . . , 250 ◦C. The
lower plots show the entropic contribution to the adsorption enthalpy.
depends linearly on temperature, which supports the density models of Hauer [9] and
Mugele [75].
For the assessment of heat storage densities the adsorption equilibrium models
building on the individual density models were implemented into the scientific open-
source software package OpenGeoSys [69]. An adsorption-desorption cycle has been
simulated in an open reactor setting with a nitrogren/water vapour mixture as fluid
permeating a packed bed of zeolite pellets with 40 % bed void fraction. The dry zeolite
pellet density was taken as ϱSR,dry = 1150 kg m−3. The vapour partial pressure was p =
10 mbar, the adsorption temperature was 20 ◦C and the desorption temperature 180 ◦C.
Both the adsorption and the desorption cycles were run until sorption equilibrium
was reached. The heat storage densities computed in the simulation runs are shown
in Table 3.2. As expected, the constant adsorbate density leads to the lowest heat
storage densities, because for it the entropic term in ∆h vanishes. Compared to the
strong variation in adsorption enthalpy curves, cf. Fig. 3.3, the computed heat storage
densities for the presented adsorption-desorption cycle don’t vary as much among
different adsorbate density models. The reason for that is that those regions where the
enthalpy curves differ most, i. e., high loading at high temperature, are excluded by
the operating conditions of the sorption heat storage device in practical applications.
Therefore, for practical purposes the outcome of numerical simulations of sorption
heat storage devices is quite robust against the choice of a particular density model.
That confirms the value of Dubinin-Polanyi theory as a tool in application-oriented
simulations.
The results of the simulations alone, i. e., the integral storage densities, do not
identify a preferred density model. But also considering the enthalpy curves, i. e., the
differential enthalpies, choosing a model with a low thermal expansion coefficient might
be advantageous. Furthermore, two of those (those of Hauer and of Mugele) employ
only very few parameters and therefore reduce the complexity of calculations.
18 ASSESSMENT OF ADSORBATE DENSITY MODELS
Adsorbate Storage density
density model kWh m−3 %
Constant 153.5 95.7
Mugele [75] 158.0 98.5
Cook [73] 160.8 100.2
Núñez [59] 161.3 100.5
Hauer [9] 162.2 101.1
Nikolaev [74] 163.6 101.9
100 MPa [84] 163.8 102.1
mean 160.5 100.0
Table 3.2.
Storage densities for zeolite 13XBFK
when regenerated at 180 ◦C and dis-
charged at 20 ◦C at a water vapour
partial pressure of 10 mbar.
4. Water loading lift and heat storage
density prediction of adsorption heat
storage systems using Dubinin-Polanyi
theory—Comparison with experimental
results
The content of this chapter is contained in:
Lehmann, C., S. Beckert, T. Nonnen, R. Gläser, O. Kolditz and T. Nagel
(2017). “Water Loading Lift and Heat Storage Density Prediction of Ad-
sorption Heat Storage Systems Using Dubinin-Polanyi Theory—Comparison
with Experimental Results”. In: Applied Energy 207, pp. 274–282.
issn: 03062619. doi: 10.1016/j.apenergy.2017.07.008.
Lehmann, C., S. Beckert, T. Nonnen, J. Möllmer, R. Gläser, O. Kolditz
and T. Nagel (2017). “A Comparison of Heat Storage Densities of Zeolite
Granulates Predicted by the Dubinin-Polanyi Theory to Experimental
Measurements”. In: Energy Procedia 105, pp. 4334–4339.
issn: 18766102. doi: 10.1016/j.egypro.2017.03.909.
Systematic investigations of how well the Dubinin-Polanyi theory reproduces the heat
storage density and water loading lift of dynamic laboratory-scale sorption chamber
simulations for a range of operating conditions are largely lacking in literature. Based
on the results of our previous study [65] (see Chapter 3) in this work therefore
experimentally determined heat storage densities and water loading lifts of a zeolite-
based open heat storage system are compared to those computed using the Dubinin-
Polanyi theory. Two granulated binder-free zeolite samples are under investigation:
zeolite Na-X and Ca-X, cf. Section 2.5. It is our aim to assess whether the values
obtained from the numerical simulations match the experimental data and thus are
useful for predictive simulations based on measured sorption equilibria alone.
The sorption equilibria of zeolite Na-X and zeolite Ca-X were extracted from measured
data using Dubinin-Polanyi theory. Hauer’s adsorbate density model has been used,
since it was identified as a robust choice in our previous study [65]. The emerging
characteristic curves are shown in Fig. 4.1. They were fitted with Núñez’ [59] rational
polynomial equation Eq. (2.5), which matches the data very well.
The measured heat storage density and water loading lift data used to validate
the simulation results originate from dynamic sorption experiments performed at
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Figure 4.1. Characteristic curves (solid lines) for the adsorption of water vapour onto
zeolites Na-X and Ca-X. The light dots mark the data from isotherm measurements. The
coefficients of determination of the characteristic curve fits are R2 = 0.992 for Na-X and
R2 = 0.996 for Ca-X.
Universität Leipzig. The insulated sorption chamber contained approximately 7 cm3
adsorbent material, Fig. 4.2. Temperatures were measured at five positions along the
axis of the chamber as well as the vapour mass fraction in the in- and out-flowing
air. The desorption phases were conducted with an inlet temperature of 110 ◦C and
an inlet vapour partial pressure of p < 20 Pa (dry air). The adsorption proceeded at
a chamber inlet temperature of 30 ◦C using moist air with vapour partial pressures
ranging from 500 Pa to 3300 Pa. The temperature levels of desorption and adsorption
therefore correspond to values observed in heat storage scenarios driven by the heat of
solar collectors. But the desorption air humidity is far below the humidity of ambient
air. However, the connection to solar heat storage remains, because for that advanced
regeneration procedures have been proposed, e. g., a two-stage regeneration scheme
where the charging temperature could be lowered from 180 ◦C to 130 ◦C by pre-drying
the inlet air to the second stage in the first stage [85].
From the measured temperatures and vapour mass fractions the water loading lift
∆Cexp can be computed from the difference of the in- and out-flowing vapour mass






ṁair, in · (xmV, out − xmV, in) dt , (4.1)






ṁair, in · cp, air, in · (Tad, out − Tad, in) dt , (4.2)
where ṁair, in is the mass flux of in-flowing air, cp, air, in the specific heat capacity of
the in-flowing air and Tad the adiabatic temperature that has been corrected for heat
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Figure 4.2.
Sorption chamber of the experimental setup, shown
without the insulation [70]. The packed bed is 1.76 cm






losses using a simple model involving the average temperature of the adsorbent bed:
Tad,i = Ti + h(T̄ bed) · (T̄ bed − Tamb) , (4.3)
where i is the number of the temperature sensor inside the sorption chamber, cf. Fig. 4.2,
T̄ bed is the average bed temperature, and h is a numerical coefficient. The linear
temperature dependence of h was determined in separate heat loss experiments. Finally,
the average differential heat of adsorption ∆Hn, expressing the heat released per mole







Note that this formula holds analogously for the average differential heat of adsorption
computed from simulation results.
Neglecting radial temperature, pressure and vapour mass fraction gradients, the
packed bed has been modelled on a one-dimensional domain using the governing
equations presented in Section 2.4 on Page 11. The adsorption kinetics has been





· (Ceq − C) , (4.5)
where the following correlation has been employed for the effective diffusion coeffi-
cient Deff inside the adsorbent pellet [87]:
Deff =








Heat losses through the sorption chamber surface have been accounted for by a
volumetric heat sink term
qloss = hvol(T ) · (T − Tamb) (4.7)


















































Figure 4.3. Partial vapour pressure and temperature transients for adsorption/discharge of
the sorption chamber filled with zeolite Na-X at low (left) and high (right) inlet vapour pressure
(1000 Pa and 2386 Pa, respectively). The upper plots show the vapour partial pressure, pout, at
the reactor outlet, the lower plots show the temperatures at the positions of the thermocouples
T3 and T4. Numerical results are plotted as solid lines, experimental values as dashed lines.
similar to the adiabatic temperature correction of the experimental data, cf. Eq. (4.3).
Likewise, the heat transfer coefficient hvol(T ) was assumed to locally depend linearly
on temperature. It was fitted to data of the steady state of the aforementioned heat
loss experiments.
The initial loading of the zeolite bed at the beginning of the adsorption cycles is
determined as the equilibrium loading that develops under the operating conditions
of the desorption cycle (T = 110 ◦C, p = 8 Pa, mass flux of 0.445 kg h−1 at the inlet).
The adsorption phases are simulated until steady state is reached, which is defined by
threshold values for the outlet humidity and temperature in the bed in the same way
as in the experiments. For both the zeolite Na-X and Ca-X the pellet tortuosity τ has
been calibrated such that the shape of the xmV breakthrough curves matched between
experiment and simulation. For both materials at τ = 6 good agreement was found.
That this value is the same for both materials is not surprising since both have same
secondary pore structure and differ only by the structural ions in the zeolite crystals.
As a result, in general the experimental humidity and temperature data are captured
by the model, cf. Fig. 4.3.
From the simulation results the heat storage density ∆Hsim has been computed by









∆h(T, C) · ∂C
∂t
dΩ dt , (4.8)
where ϱbed,dry is the density of the completely desorbed zeolite bed. This computes
the total heat released during adsorption and and is therefore consistent with the
computation of material-level heat storage densities from the experimental data after
correcting for the wall heat losses, cf. Eq. (4.2). Therewith, the measured heat storage
density ∆H is reproduced for zeolite Na-X, cf. Fig. 4.4 left. In contrast, the simulated
∆H is lower than the experimental one for the zeolite Ca-X sample. Furthermore,
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Figure 4.4. Cumulative indicators of thermal energy storage performance over entire ad-
sorption phases for experiments and simulations of zeolites Na-X and Ca-X for different inlet
vapour partial pressures pin. Left: heat storage density ∆H. Centre: change in water loading
of the zeolite ∆C. Right: average differential heat of adsorption ∆Hn. Solid lines denote values
obtained from numerical simulations, points with errorbars denote experimental values; the
latter have been offset horizontally for better readability.
the measured water loading lift is systematically lower than the simulated values,
cf. Fig. 4.4 centre. As a result of the combination of the values of ∆H and ∆C, the
average differential heat of adsorption ∆Hn is smaller in the simulations than in the
experiments, cf. Fig. 4.4 right. However, overall all ∆Hn curves show a decreasing trend
for increasing inlet humidity, which is in line with the decreasing trend of the differential
heat of adsorption at increased loading C suggested by theory, cf. Fig. 2.7 on Page 10,
and which has also been found in calorimetric measurements of zeolites [80–83]. The
values ∆Hn,exp are the only exceptions to this trend, which is likely due to the high
measurement uncertainties of this derived quantity.
In summary, the presented model is able to capture the vapour breakthrough curves
and the temperature evolution in the packed bed. Since the model of the packed bed is a
simple, one-dimensional one, the provided experimental data, measured at the sorption
chamber inlet, outlet and at axial positions in the chamber, suffice to calibrate it. Even
though there are discrepancies between the measurement and modelling outcomes, the
modelling results constitute conservative estimates for the measurements: They mostly
underestimate the heat storage density and overestimate the water loading lift, i. e.,
the vapour consumption during adsorption. That supports the Dubinin-Polanyi theory
as a useful tool in simulations of sorption heat storage devices.
In addition to the viability of the Dubinin-Polanyi theory for the simulation of
dynamic adsorption experiments on laboratory scale, this study furthermore identified
several possibilities of improvement both for the modelling and for the experimental
measurements. On the part of the simulations, the temperature regime inside the packed
bed might be reproduced better by including radial gradients, the heat conduction
inside the chamber wall, and the effects of the increased bed void fraction near the
chamber wall into the model, cf. also [51]. This has been done in the study summarized
in Chapter 6 (Page 30ff.). Furthermore, the desorption phases could be simulated
explicitly to obtain an improved initial loading profile for the adsorption simulations. On
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the part of the experiments, the adiabatic temperature correction model Eq. (4.3) could
be improved, e. g., by using a model that accounts for the fact that the reaction front
moves through the sorption chamber generating an inhomogeneous temperature profile.
Moreover, a crucial point to improve the experimental results is to re-assess the method
and accuracy of the humidity measurements, because although the measured water
loading lift ∆Cexp was corrected using a calibration curve obtained from gravimetric
measurements, it differs significantly from the simulation results. Finally, it shall be
mentioned that there is a fundamental limitation to fitting both simulated loading
lifts and heat storage densities arbitrarily well to experimental data. Since in the
simulations both are intimately linked via the adsorption equilibria, e. g., if ∆Csim
decreases, ∆Hsim will do so, too. In contrast, experimentally ∆Cexp and ∆Hexp are
determined via independent measurement devices.
5. Numerical modelling of water sorption
isotherms of zeolite 13XBF based on
sparse experimental data sets for heat
storage applications
The content of this chapter is included in:
Semprini, S., C. Lehmann, S. Beckert, O. Kolditz, R. Gläser, H. Kerskes
and T. Nagel (2017). “Numerical Modelling of Water Sorption Isotherms of
Zeolite 13XBF Based on Sparse Experimental Data Sets for Heat Storage
Applications”. In: Energy Conversion and Management 150, pp. 392–402.
issn: 01968904. doi: 10.1016/j.enconman.2017.08.033.
The usual procedure to characterise the sorption equilibrium of an adsorption working
pair comprises:
1. The experimental determination of the equilibrium loading c for various temperat-
ures T and adsorbate partial pressures p.
2. Fitting a mathematical model to the obtained experimental data (c, T, p), which
allows for the inter- and extrapolation of the data to arbitrary values of p and T as
necessary, e. g., during simulations of TCES devices.
The measurements are usually performed by either varying the adsorbate partial
pressure for a set of constant temperatures (sorption isotherms) or by varying the
temperature for a set of constant partial pressures (sorption isobars). Since during the
measurements equilibrium has to emerge, the experiments are very time consuming and
the effort (and hence the cost) is directly proportional to the number of data points
measured. In principle, a larger number of data points increases the reliability of the
fitted model, but it also increases the experimental effort and cost. However, it may
be possible to obtain a reliable sorption equilibrium model even from a reduced set of
experimental data if physical characteristics of the sorption equilibrium are taken into
account, e. g., the principle of temperature invariance of the characteristic curve in the
Dubinin-Polanyi theory, cf. Section 2.3 (Page 8ff.).
It has not yet been thoroughly investigated in a practical setting under which
conditions the Dubinin-Polanyi theory produces a reliable sorption equilibrium model
from sparse experimental data—theoretically it is capable of doing so even from a single
sorption isotherm. The aim of this study is to investigate the possibility of saving time
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3. fit characteristic curve
Figure 5.1. Sketch of steps 1.–4. of the isotherm fitting procedure. 1.: grey dots: all data,
black dots: data selected for fitting. 2.: red dots: selected data mapped to W -Am space.
3.: red dots: selected experimental data, blue line: fitted characteristic curve. 4.: grey dots
and lines: all experimental data, black dots and lines: experimental data selected for fitting,
coloured lines: isotherms reconstructed from the characteristic curve. In particular in this
example, the selected data (black curve in 4.) can be reconstructed well from the characteristic
curve, whereas the other isotherms match the experimental data to a lesser extent.
and money during the experimental characterization of water/zeolite systems by using
a reduced set of isotherms for the calibration of a sorption equilibrium model. For that
purpose, the performance of this model in recovering the sorption equilibrium data—
i. e., in particular those isotherms not used for calibration—as well as in predicting heat
storage densities will be assessed for models calibrated with experimental data sets of
varying extent. The results of this study will be of direct value to experimentalists as
well as applied modellers who need to judge the accuracy of their models’ predictions.
The assessment of the sorption equilibrium models based on reduced experimental
data sets proceeds as follows, cf. Fig. 5.1:
1. The data points (c, T, p) from a combination j of isotherms out of the full set of
nine isotherms are selected.
2. For each data point the adsorption potential A and the specific adsorbed volume
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W are computed using Eqs. (2.3) and (2.4). As adsorbate density model the one
proposed by Hauer [9], Eq. (3.1) is used.
3. The characteristic curve in W -A space is fitted using two different formulations: the
widely used Dubinin-Astakhov equation (DA), Eq. (2.6), and a fractional polynomial
equation (FP) suggested by Núñez [59], Eq. (2.5).
4. For all vapour partial pressure and temperature values from the entire experimental
data set the equilibrium loading is computed from the fitted characteristic curves.
This involves the reverse transformation from step 1.
5. Finally, four error indicators are computed to evaluate the quality of the isotherm
fits.
The error indicators are used in step five of the above list are the following:















where n is the total number of data points in the full experimental data set and i
is the index of the individual data point.
The loading lift ∆c during an adsorption cycle at 10 mbar vapour partial pressure
at T = 20 ◦C after a preceding desorption at the same partial pressure and T =
180 ◦C, which corresponds to operating conditions commonly found in solar thermal
applications. The error indicator for the loading lift ∆cd;j is the relative deviation





With the “best fit” being the one leading to the lowest errors ea and er. In principle
it is obtained by fitting the full data set.
The heat storage density ω for the operating conditions of the above adsorption
cycle evaluated as




with the density of the zeolite pellets ϱzeo = 1150 kg m−3, the bed void fraction
ε = 0.4 and the differential enthalpy of adsorption evaluated using Eq. (2.7) at
the constant temperature of T = 50 ◦C for the sake of simplicity. Analogous to
the error indicator for the loading lifts the one for the heat storage density is the
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Figure 5.2. Characteristic curve obtained from all isotherms fitted with the DA and FP
equations, respectively (solid lines). Crosses: experimental data.
In the analysis combinations of one, two and three isotherms were investigated. The
full characteristic curve could only be successfully recovered from the fitted DA or
FP equations if the isotherms selected for fitting covered a certain minimum range
of the characteristic curve, i. e., if the underlying isotherms had sufficiently diverse
temperatures. Therefore for the two-isotherm sets one at T ≤ 70 ◦C and one at
T ≥ 100 ◦C was chosen, and for the three-isotherm sets they were chosen from the
ranges T ≤ 50 ◦C, 70 ◦C ≤ T ≤ 130 ◦C, and 150 ◦C ≤ T . Since fitting the FP equation
to the single-isotherm cases did not yield sensible results, the single-isotherm cases
were only analysed for the DA equation.
Fitting all isotherms with the DA and FP equations reveals that the latter is better
able to reproduce the experimental data, Fig. 5.2. In particular, there are deviations in
the fit of the DA equation for high adsorption potentials, which corresponds to higher
deviations in the recovered isotherms at high temperatures. Naturally, this fact also
reflects in the error indicators ea and er Therefore, the FP fit of the entire data set is
taken as the “best fit” reference in Eqs. (5.2) and (5.4).
Figure 5.3 visualises the different error indicators for the analysed isotherm com-
binations. The model based on the DA equation fitted to all data has a deviation of
+2 % in loading lift and +1 % in storage density compared to the “best fit” case. Since
the DA equation is widely used in literature, one can assume that errors of that size
introduced by the fitting equation do not affect the prediction of material behaviour for
real-life applications. That suggests the definition of a ±2 % window around the “best
fit” case in terms of storage density and loading lifts within which all combinations
describe the material equally well. This window contains 19 cases which share the
following features:
They mostly contain three isotherms (13 cases) with a few cases of two isotherms.
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Figure 5.3. Error indicators. Left: Absolute and relative errors ea and er according to
Eq. (5.1) Right: Loading lift and storage density errors ∆cd and ωd according to Eqs. (5.2)
and (5.4). Red and blue dots represent fits of the full data sets by the DA and FP equations.
The blue dot is the “best fit” result. Data with too large errors are not shown.
They include an isotherm at 25 ◦C, which covers the characteristic curve at low
adsorption potentials.
They include a high temperature isotherms (150 ◦C or 180 ◦C, only one case with
130 ◦C) covering high adsorption potentials.
These results show that three isotherms are a sound compromise between a reliable
model of the adsorption equilibrium and reduced time and cost of the experimental
characterization provided that (i) the data points cover the entire characteristic curve
in the working window of the application and that (ii) the Dubinin-Polanyi theory
is applicable. Therefore, the experimental protocol of the isotherm measurement has
to be planned such that point (i) is fulfilled. A simple check for point (ii) is to set
the experimental protocol such that the isotherms partially overlap in W -Am space.
That allows to confirm that the isotherms scatter only little and are mapped to a
single characteristic curve. In principle, for the typical application as a heat storage
material for solar applications, an isotherm at low temperature (20. . . 25 ◦C), one at
medium (70. . . 100 ◦C) and one at high (150. . . 180 ◦C) temperature are recommended.
Regarding the fitting equation, the empirical FP equation provides a better description
of the adsorption equilibrium of zeolite 13X than the DA equation. Its minor drawback
is that it needs minimum amount of experimental data for a reliable parametrisation,
but enough data will be available in the proposed three-isotherm scheme.
6. Modelling sorption equilibria and
kinetics in numerical simulations of
dynamic sorption experiments in packed
beds of salt/zeolite composites for
thermochemical energy storage
The content of this chapter is included in:
Lehmann, C., O. Kolditz and T. Nagel (2019). “Modelling sorption equi-
libria and kinetics in numerical simulations of dynamic sorption experiments
in packed beds of salt/zeolite composites for thermochemical energy storage”.
In: International Journal of Heat and Mass Transfer 128, pp. 1102–1113.
issn: 00179310. doi: 10.1016/j.ijheatmasstransfer.2018.09.042.
Experimental studies show that salt-impregnated zeolites exhibit a dynamic water
adsorption behaviour that differs strongly from that of pure zeolites [41]. Especially
for high salt loadings and high humidity conditions the temperature in the sorption
chamber starts to decrease early after an initial peak and slowly fades out, Fig. 6.1.
That leads to a long adsorption cycle time and to reduced average heating power of
the sorption chamber, if it is used as a TCES device, which impedes the use of such
composite materials in applications.
Since numerical modelling allows for the quick screening of different sorption chamber
geometries, setups and operating conditions, it is vital that a model of the dynamic
adsorption behaviour of the salt/zeolite is available such that simulations can be used
to identify and overcome the mentioned performance limitations. I. e., the sorption
kinetics and the sorption equilibria of the composites have to be modelled. It is the
aim of this study to provide such models for a composite zeolite Ca-X impregnated
with various amounts of CaCl2. Moreover, it shall be possible to calibrate those models
with a limited amount of material characterization data. The model predictions are
validated against experimental data.
The developed equilibrium model goes further than the loading lift model developed
in [41] insofar as the loading lift model depends on specifics of the dynamic sorption
process, such as operating conditions, and our model is directly applicable in the
LDF computations. The equilibrium model for a wide range of salt loadings s is
calibrated with data from only two material samples: a pure zeolite Ca-X and one
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Figure 6.1. Dynamic adsorption behaviour of zeolite Ca-X (left) and salt impregnated
zeolite Ca-X with salt content of 22 mol mol−1 (right). Experimental data provided by T.
Nonnen, cf. Section 2.5. The plots show the temperature at the outlet Tout (red curves) and
the vapour mass fraction in the outlet air xmV,out (blue curves).
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Figure 6.2. Characteristic curve of zeolite Ca-X and the composite 21 CaCl2/Ca-X. Crosses:
experimental data, solid lines: fits according to Eq. (2.5). The experimental data have been
mapped to W -Am space using Hauer’s adsorbate density model Eq. (3.1)
composite CaCl2/zeolite Ca-X. Furthermore the sorption kinetics is calibrated with
data from dynamic adsorption experiments of pure zeolite Ca-X. That resembles the
numerical screening of different materials for a given application, especially in early
developmental stages where only limited experimental data is available. Attempting to
model composite sorbents for thermochemical energy storage or transformation based
on reduced calibration data has not been done in the various studies on this subject,
yet [24, 25, 88–92].
Previously, the Dubinin-Polanyi theory has been used for correlating sorption equi-
librium data of certain composite materials, e. g., water onto LiCl/activated carbon
composites [93], and of salt/silica gel composites [57, 94]. In this study it was found
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Figure 6.3. Modelled characteristic curves of water sorption onto composites with varying
salt content s. The red dashed curves denote those curves obtained from fits to experimental
data (i. e., those for s = 0 mol mol−1 and s = 21 mol mol−1).
that this theory can be employed, too, to describe the sorption equilibrium of the
CaCl2/zeolite Ca-X sample with a salt content of s = 21 mol mol−1 (denoted as
21 CaCl2/Ca-X for brevity), Fig. 6.2. For arbitrary salt loadings s of CaCl2/Ca-X
composites we propose a linear combination of the two characteristic curves W0(Am)
and Ws0(Am) shown in Fig. 6.2 to obtain the characteristic curve Ws(Am) of the










s0 = 21 mol mol−1 .
This is similar to previous approaches [57, 95], which made linear combinations of the
sorption equilibria of the pure host matrix and the pure salt. Those led to discrepancies
with experimental data due to the changed adsorption properties of the salts if included
in a porous carrier, and they don’t work in the salt/zeolite case, either [41]. Our
approach, Eq. (6.1), is different in that we make superpositions between the equilibria
of pure zeolite and those of a composite material. Therefore, the modified salt hydration
behaviour within the porous matrix is naturally included into our model.
The numerical model of the sorption chamber is a significantly extended version
of the one used in our earlier publications. As identified important in our preceding
study [71] (cf. Chapter 4, Page 19ff.), radial temperature and humidity gradients
are incorporated by modelling the adsorption chamber (Fig. 4.2 on Page 21) on an
axisymmetric domain (Fig. 6.4). Furthermore, the heat transfer inside the chamber
wall has been modelled explicitly and the effect the increased bed void fraction near the
chamber wall was accounted for. The latter needs the addition of a full fluid momentum
equation to the model, which was done in the form of an extended Brinkman equation
based on earlier work by Giese et al. [96], see Section 2.4.















Figure 6.4. Sketch of the axisymmetric domain on which numerical simulations were per-
formed. The arrows at the inlet indicate the parabolic velocity profile corresponding to laminar
flow through a pipe.

















































Figure 6.5. Outlet vapour mass fractions xmV,out for very low inlet humidity (xmV,in =
0.004 kg kg−1, left graph) and high inlet humidity (xmV,in = 0.016 kg kg−1, right graph).
Coloured, solid curves: simulation results. Dashed black curves: experimental reference data.
The individual graphs are offset by ∆t = 2000 s for better readability.
The numerical model was calibrated with data from dynamic sorption experiments.
In particular, the pellet tortuosity τ , cf. Eq. (4.6) on Page 21, the wall heat transfer
coefficient hwall to the ambient and the initial loadings C0 at the beginning of the
individual adsorption phases were fitted. Only the first parameter, τ , characterizes
the material kinetics, the other describe the sorption chamber and the operating
conditions, respectively. The first parameter, τ , was fitted to experimental data for
pure zeolite Ca-X only, the other ones to data from each material (hwall), and each
adsorption phase (C0) indiviually. Fitting the initial loading turned out to be necessary,
because the driving the desorption inside the experiments with dry air at a rather
low temperature (110 ◦C) leads to high uncertainties in the equilibrium loading, and
furthermore equilibrium was not reached exactly in these experiments. This underpins
that it is crucial to choose experimental conditions that define a rather precise desorbed
state.
Vapour breakthrough curves simulated with the calibrated model show good agree-
ment with experimental data in the whole range of investigated salt loadings, Fig. 6.5.
That shows that the developed numerical model is able to correctly predict the ad-
sorption behaviour of CaCl2/Ca-X composites based on a kinetics model for pure
zeolite Ca-X. In particular, that means that the difference in sorption behaviour
between composites and pure zeolites originates primarily from the different adsorption
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Figure 6.6. Temperatures at the positions of the temperature sensors T3 and T4 (cf. Fig. 4.2
on Page 21) in the bed for the simulation results that matched the experimental data best in the
calibration of initial loading of the 22 CaCl2/Ca-X sample. Coloured, solid curves: simulation
results. Dashed black curves: experimental reference data. The plots are offset by ∆t = 2000 s
for better readability.
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Figure 6.7. Thermal power at the chamber outlet (solid curves) and heat loss over the
chamber wall (dotted curves) during water adsorption onto pure zeolite (left) and onto the
composite 22 CaCl2/Ca-X (right) for different inlet humidities.
equilibria and that changes in the intra-pellet diffusion mechanism are secondary. One
notable exception are the vapour breakthrough curves at the lowest inlet humidity,
Fig. 6.5 left. Here, the experimental data already show a slow-down of the kinetics for
the salt/zeolite composites, whereas the model predicts a rather steep breakthrough
curve. Likely, this is an effect of decreased micropore accessibility due to the included
salt. The temperature in the sorbent bed matched the experimental data to a lesser
extent. This and the fact that the calibrated wall heat loss coefficients are very high
indicates that probably the effects of the radial porosity profile were overestimated by
the model.
The thermal output power correlates with the bed temperature, cf. Fig. 6.6 and
Fig. 6.7 right. For the pure zeolite case (Fig. 6.7 left) for the lower inlet humidities
after a short run-up phase a steady state output power is reached. In contrast, all
thermal power curves of the composite adsorbent 22 CaCl2/Ca-X (Fig. 6.7 right) have
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Figure 6.8. Loading lift ∆C (left) over the entire adsorption phase and material-level
heat storage density ∆H (right) for various inlet humidities depending on salt loading s.
Experimental data from [41]. The experimental data have been offset by ∆s = 0.3 mol mol−1
for better readability. The solid and dashed lines are trend lines.
a peaked shape and fade out over an extended period of time. Furthermore, the peak
output power of the composite for the two highest inlet humidities is lower than half of
the peak output power of the pure zeolite sample. In order to ensure a steady state
operation of TCES devices with composite adsorbents, likely advanced reactor designs
will have to be employed, cf. [70].
The loading lifts ∆C and material-level heat storage densities ∆H computed from
the simulation results reflect the trends visible in the experimental data. Figure 6.8
shows that for low inlet humidities an increased salt loading leads to a lowering of
both ∆C and ∆H during adsorption, which is due to zeolite micropore blocking by
included salt and thereby reduced sorption capacity at low humidity values. Only
for high inlet humidities the impregnation of salt leads to an increase in ∆C and
∆H associated with a salt solution developing under these conditions in the zeolite
secondary pores [41], cf. Fig. 2.5 on Page 8. Therefore, applications aiming to exploit
the strengths of CaCl2/Ca-X composites will use high salt loadings and will operate
under high humidity conditions. Deviations in these cumulative quantities of interest
from the reference data can be attributed to accumulated differences between the
respective vapour breakthrough and temperature curves, which is further pronounced
by the fact that the experiments did not reach sorption equilibrium for composites at
elevated humidity levels, cf. Figs. 6.5 and 6.6.
In summary, the dynamic adsorption behaviour of salt/zeolite composites with
various salt loadings could be successfully predicted for those conditions most relevant
in practice: Humidities higher than the deliquescence humidity, where the salt leads to
higher loading lifts and heat storage densities. Under these conditions the model even
works for extrapolated salt contents compared to the experimental sorption equilibrium
data. Since the model can be calibrated with a reduced amount data, it is a valuable
tool for the screening of different composite materials for a given application.
7. Summary
7.1. Main achievements
In this work the modelling of sorption heat storage devices operated in open mode have
been treated. The focus of this work was on sorption equilibria, sorption enthalpies and
sorption kinetics of zeolites and salt/zeolite composites. The following contributions to
the modelling of those materials have been made:
Numerical models of the thermo-hydro-chemical processes in a packed adsorbent bed
inside an open sorption chamber and of the constitutive material characteristics were
implemented in the open-source FEM simulation software OpenGeoSys. Thereby,
the models have been made freely available and ready-to-use to the scientific
community.
The numerical models were successfully validated against the dynamic sorption
experiments at a laboratory-scale sorption chamber. Computed water loading lifts
and heat storage densities show that the simulation results constitute conservative
estimates of the experimental findings.
Possibilities to improve the dynamic sorption experiments that generated the
validation data have been identified, namely to choose experimental operating
conditions that determine precisely known initial and final states, and to collect
more data, such as the temperature distibution over the reactor radius, that would
allow a better calibration of the model.
The influence of adsorbate density models on modelling results obtained using
the Dubinin-Polanyi theory was studied thoroughly. It was found that although
the differential heats of adsorption predicted by the Dubinin-Polanyi theory differ
considerably in certain temperature and loading regimes among different adsorbate
density models, these differences do not reflect significantly in simulation results
of sorption heat storage devices. Anyway, the use of adsorbate density models
with low thermal expansion coefficients is recommended because of simplicitly,
lower sensitivity of the computed enthalpy values towards measurement and model
uncertainties, and more realistic adsorption enthalpy curves that match experimental
data better.
Criteria for the protocol of isotherm measurements for water adsorption onto zeolite
were derived that ensure both a reduction of the experimental work (only three
isotherms are needed) and a reliable quantification of the adsorption equilibrium.
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Those are, that the measured isotherms when mapped to the W -Am space cover the
characteristic curve in the application-relevant adsorption potential range, and that
the thus mapped isotherms overlap to check the validity of the Dubinin-Polanyi
theory.
An adsorption equilibrium model for CaCl2/zeolite Ca-X composite adsorbents for
a wide range of salt loadings was developed based on the Dubinin-Polanyi theory.
The model relies on experimental data of only two material samples: a pure zeolite
Ca-X and one composite CaCl2/zeolite Ca-X.
It was shown that for application-relevant operating conditions the difference in
sorption behaviour between composites and pure zeolites originates primarily from
the different adsorption equilibria and that changes in the intra-pellet diffusion
mechanism are secondary. I. e., the same adsorption kinetics model can be used
both for pure zeolites and for composites.
7.2. Conclusions and outlook
In this thesis the dynamic adsorption behaviour of a novel salt/zeolite composite has
been studied. The focus was laid on the modelling of sorption equilibria and kinetics.
In that context, it was shown that the calibrated sorption kinetics of the pure zeolite
is applicable to the composite material, too. Furthermore, gaps in the knowledge
about the application of the Dubinin-Polanyi theory in simulations of sorption heat
storage devices: The limited importance of the adsorbate density models and the
usefulness of the theory for predicting loading lifts and heat storage densities have been
demonstrated. Finally, in this thesis possible methods of reducing the experimental
material characterization effort have been proposed. Those encompass both the
measurement of adsorption equilibria of a single adsorbent as well as composites of
various salt loadings, and the transferability of the calibrated pure zeolite kinetics model
to composites. Therefore, this thesis provides insights that will facilitate the screening
of materials, reactor geometries and operating conditions via numerical simulations
during the design of TCES devices based on zeolites and composite sorbents.
Future research should, on the one hand, focus on deepening the understanding of
the sorption equilibria and kinetics of salt/zeolite composites. The transferability of
the modelling approach used in this thesis to other composites, e. g., impregnated with
different salts or using zeolite pellets that have a different secondary pore structure,
should be investigated. Also, the poor predictive capabilities of the proposed kinetics
model of the composites in the low humidity range are a promising starting point
for its improvement. However, that will likely lead to extended formulations of the
kinetics model, which contain more parameters and therefore also need a larger amount
of calibration data. Furthermore, the modelling of the radial velocity profile in the
sorption chamber should be re-assessed, especially since recent studies [47] show that
the profile predicted by Giese et al.’s model [96] can be rather different from measured
velocity profiles.
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On the other hand, the models developed in this thesis should be applied in the
simulation of sorption heat storage devices at the application scale, such that the
efficiency, heat storage density and the thermal power of the sorption heat storage device
can be optimized using parametric studies for different reactor concepts (integrated vs.
external vs. modular, or multi-stage reactors), reactor geometries, operating conditions,
or tailoring the material properties of the composite adsorbents to specific applications.
That research will profit in particular from the knowledge gained from the various
analogous studies on salt/silica composites.
Also, applications of salt/zeolite composites need to be defined. Those include, of
course, seasonal heat storage, but also thermal batteries for waste heat recovery and
transportation [97] are a promising candidate. Since zeolites are a relatively expensive
material, applications having a large number of adsorption/desorption cycles will
be favourable for amortizing investments. Therefore, especially the investigation of
salt/zeolite composites in sorption heat pumps will be interesting.
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A.1. Assessment of adsorbate density models for numerical
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Abstract
The study of water sorption in microporous materials is of increasing interest, particu-
larly in the context of heat storage applications. The potential-theory of micropore
volume filling pioneered by Polanyi and Dubinin is a useful tool for the description of
adsorption equilibria. Based on one single characteristic curve, the system can be ex-
tensively characterised in terms of isotherms, isobars, isosteres, enthalpies etc. However,
the mathematical description of the adsorbate density’s temperature dependence has a
significant impact especially on the estimation of the energetically relevant adsorption
enthalpies. Here, we evaluate and compare different models existing in the literature
and elucidate those leading to realistic predictions of adsorption enthalpies. This is an
important prerequisite for accurate simulations of heat and mass transport ranging
from the laboratory scale to the reactor level of the heat store.
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Abstract
Thermochemical heat storage devices based on water adsorption on microporous ma-
terials are a viable option for heat storage applications. The Dubinin-Polanyi theory of
micropore filling has been widely applied for the thermodynamical characterization
of various adsorption working pairs. It has been used for the deduction of adsorption
enthalpies from adsorption equilibrium data. How well the theory predicts the depend-
ence of storage densities on the storage cycle characteristics remains to be clarified as
it is vital for technology assessment and design. This study compares the heat storage
densities predicted by the Dubinin-Polanyi theory to experimentally determined data
of two granulated zeolite samples, namely a Na-X and a Ca-X, under various humidity
conditions.
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Abstract
Simulating adsorption-based heat storage devices requires knowledge of both the
adsorption equilibria and the adsorption enthalpies of the adsorbent materials involved.
The Dubinin-Polanyi theory of micropore filling can be used as a tool to reduce the
experimental work for the thermodynamical characterization of various adsorption
working pairs. In particular it can be used for the deduction of adsorption enthalpies
from adsorption equilibrium data. In this work we assess if this theory can be employed
to predict the outcome of experiments performed on a lab-scale heat storage device. For
that purpose, we present a numerical model of the sorption chamber, which describes
the sorption behaviour by means of the Dubinin-Polanyi theory. The simulated heat
storage densities and water loading lifts are compared to experimentally determined
data of two granulated zeolite samples, namely a zeolite Na-X and a zeolite Ca-X,
under various humidity conditions.
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A.4. Numerical modelling of water sorption isotherms of
zeolite 13XBF based on sparse experimental data sets
for heat storage applications
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Abstract
This study analyzes the possibility of determining the parameters of an adsorption
equilibrium model based on a reduced number of isotherms for the working pair water-
/zeolite 13X. The employed models rely on the Dubinin-Polanyi theory of micropore
adsorption. The reliability of the adsorption equilibrium model based on sparse data
is evaluated in terms of the error in the adsorption equilibrium and in terms of the
error in loading lift and heat storage density for an adsorption cycle typical for heat
storage applications. It is found that as little as three measured adsorption isotherms
are sufficient to yield a description of the adsorption equilibrium of zeolite 13X in
a wide pressure and temperature range, if the following criteria are obeyed: (i) the
measured isotherms should cover the entire range of the characteristic curve and (ii) it
is recommended to include isotherms at temperatures close to the working cycle limits.
Based on these considerations, temperature ranges for the experimental determina-
tion of a reduced set of adsorption isotherms are recommended that yield a reliable
description of the adsorption equilibrium in a wide pressure and temperature range.
Thereby it is demonstrated that the experimental effort can be reduced significantly
while maintaining the predictive capability of the theoretical model.
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A.5. Modelling sorption equilibria and kinetics in numerical
simulations of dynamic sorption experiments in packed
beds of salt/zeolite composites for thermochemical
energy storage
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Abstract
Composite materials consisting of a salt-impregnated porous host matrix constitute a
way to combine the high heat storage density of hygroscopic salts with the fast kinetics
of the carrier material. Depending on its pore structure the carrier can furthermore
prevent or inhibit leakage of the salt solution. It has been shown experimentally
that by impregnation with CaCl2 the heat storage density of zeolite Ca-X can be
increased by 53 % to 270 kWh m−3, which confirms the potential of this material
class. In transforming this potential into technical heat storage solutions, numerical
simulations can support the design process by bridging the gap between material
characterization, process specification and reactor design. Such simulations rest, among
others, on suitable constitutive relations. For the equilibria and kinetics of salt/zeolite
composite sorbents those relations are still missing in the literature. In this work, we
present an axisymmetric model of the mass and heat transport through a packed bed
of composite sorbent pellets accounting for radial effects such as increased bed void
fraction near the sorption chamber walls. Special focus is laid on the modelling of
the sorption equilibria and kinetics of CaCl2/zeolite Ca-X composites of various salt
loadings. The developed sorption equilibrium model for arbitrary salt loadings of the
CaCl2/zeolite Ca-X is based on isotherm measurements of only one composite sample
and one sample of pure zeolite Ca-X thereby enabling reduced experimental effort
for the equilibrium characterization. The linear driving force kinetics is calibrated
using data from dynamic sorption experiments on zeolite Ca-X and used to predict
the dynamic sorption behaviour of CaCl2/zeolite Ca-X composites. We found a good
predictive capability of the unmodified kinetics model for high inlet humidities—i. e.,
the practically most relevant cases where the composite plays its strengths. Contrarily,
for low inlet humidities, the used kinetics model strongly overestimates the sorption
rate, which indicates the presence of additional kinetic inhibition mechanisms under
such conditions.
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